is to help recognize the near traffic signal since (the lack of ) signal recognition is a nonnegligible contributor to accidents at signalized intersections.
The focus in this paper is on traffic signal stopping advisory systems. To place the discussion in the proper context, key findings on other traffic signal dilemma mitigation approaches are provided in the following section. The main research findings reported here pertain to an in-vehicle system, evaluated in a driving simulator. A conceptual comparison of in-vehicle versus out-of-vehicle traffic signal stopping advisory systems is presented next, followed by a description of the experimental methodology. The results are then described, and the paper concludes with a summary of the findings and suggestions for future research.
Background Traffic Signal dilemma and Its outcomes
During 2008, 762 people died in the United States as a result of RLR violations (1) . These numbers are similar to the findings in previous decades (2) , indicating that the absolute count of RLR-related fatalities stayed consistent while the count of overall crashes in 2008 decreased compared with any year during the previous decade (3) . Thus, the importance of treating RLR violations and the sources, including the traffic signal dilemma, is well recognized.
The term "traffic signal dilemma zone" appears in numerous studies, with several different meanings. An "impossible dilemma" (also known as "yellow interval dilemma" or "amber light dilemma") (4) occurs when the distance to the stop line is less than the vehicle's stopping distance (as determined by its current speed), while the travel time to the stop line (at the current speed) is longer than the amber phase duration (5) . A "multiple-option dilemma" (also known as "option zone") occurs when both crossing and stopping are possible, and drivers' decisions may be inconsistent (6) . The corresponding impossible and multiple-option dilemma zones can be mathematically determined by the initial speed and the deceleration rate. The "behavioral dilemma zone" (also known as "indecision zone") is defined as the area between the 10% and 90% contour lines of the probability to stop as a function of speed and distance to the stop line when the green phase ends (5) .
The impossible dilemma zone has been discussed fairly extensively (4, 7 ) . If it exists at the speed limit (or below), the signal's timing is inappropriate. Otherwise, drivers may reach the impossible dilemma zone only if they violate the speed limit. The resulting RLR or emergency braking is an inevitable outcome of the previous speed violation. In any event, once this situation occurs there are no
In-Vehicle Stopping Decision Advisory System for Drivers Approaching a Traffic Signal
Hillel Bar-Gera, Tal Oron-Gilad, and Oren Musicant All drivers are familiar with the basic traffic signal dilemma: whether to enter the intersection or to stop when they see the green phase ending. Wrong decisions to cross may lead to red light running (RLR) violations and to angle crashes; unnecessary stop decisions lead to excess queue and frustration and may lead to rear-end crashes. This study examined a conceptual in-vehicle system designed to facilitate the decision making of drivers approaching a signal. According to the distance from the traffic light and the remaining time for the green phase, the system provided an auditory and visual indication to drivers if they needed to stop. A driving simulator experiment was conducted with 20 participants; each participant drove through 28 interurban traffic lights, 14 with and 14 without the evaluated system. Results showed a 96% reduction in RLR violations and a 70% reduction in the behavioral dilemma zone range. Change in signal crossing decision probability was modest (6% reduction) and not statistically significant. An exploratory evaluation suggested that driver hesitation during the amber light was substantially reduced and that intersection clearing time was shorter and much more predictable. If similar effects occur in reality, fewer angle crashes and fewer rear-end crashes can be expected.
Drivers are familiar with the basic traffic signal dilemma: whether to enter the intersection or to stop when the green light ends. The dilemma has been studied extensively from both safety and operational perspectives. From the safety perspective this dilemma may lead to red light running (RLR) with the potential result of angle crashes with conflicting traffic. It may also lead to rear-end crashes between a leading vehicle that decided to stop and a following vehicle that decided to enter the intersection. From the traffic flow operational perspective, driver decisions during phase transitions influence efficiency and delays at the intersection.
Signal dilemma mitigation schemes can be divided into three major categories: signal-timing modifications, enforcement (e.g., red light cameras), and advisory systems. Advisory systems can be further classified as providing additional information (e.g., a green signal countdown display), being instructive, or increasing awareness. Instructive systems may recommend driving speed, or they can directly address the question concerning which vehicles should stop in a particular case. The aim of awareness-increasing systems perfect decisions, and decision support is much more complicated. Since the focus here is decision support, there will be no attempt to address these circumstances.
noninstructive Signal dilemma Mitigation Schemes
Two well-known categories of signalized intersection safety treatments are enforcement and signal-timing modifications. A beforeand-after study with control found that rather than setting a constant duration of amber and of all red, considering parameters such as approaching speed, desired deceleration rate, and slope of the approach significantly reduced crash probability by 8% (2). Bonneson and Zimmerman found that 80% of RLR events occur within the first second after red light onset (8) . The expansion of yellow signal time reduced the number of RLR occurrences by 50%. The researchers suggested that drivers' adaptation to the new condition was the explanation for the missing 30% (80% − 50%) in comparison with the potential. An alternative countermeasure discussed in a later study was to increase the all red duration (9) .
Enforcement is also used to reduce RLR. In particular, the use of red light cameras was investigated in a number of studies demonstrating significant safety benefits. For example, a field before (1 month) and after (2 months) test with comparison groups looked at two intersections with six monitored approaches and reported a reduction of 96% [confidence interval (CI) = 93% to 97%] in RLR violations (10) . An 11.1% reduction in crash rates was reported in a before (3 years) and after (2-3 years) field test study in Canada for 25 experimental sites (with red light cameras) and 47 comparison sites (11) . A metaanalysis study using information from 10 before-and-after field test studies from Australia, Singapore, and the United States estimated an approximately 30% reduction in crashes as a result of red light cameras (12) . These positive results are not always repeatable: a before (32 months) and after (38 months) study in Virginia used 13 experimental and 33 control sites. As expected, a 34% reduction in RLR-related injury crashes was found; however, the rear-end crash count increased by 59% (CI = 32% to 85%), which led to an overall increase of 12% (CI = 0% to 23%) in the total crash count (13). Shin and Washington investigated the effect of red light cameras in 24 intersections (14) . Depending on the location and analysis method implemented, the authors reported a 10% to 42% decrease in RLR-related crashes (angle crashes) and a 21% to 67% increase in rear-end crashes. A recent meta-analysis study considered results of 21 studies and reported a nonstatistically significant increase in the overall crash rate of 15%, which is a combination of a 40% increase in rear-end crashes and a 10% decrease in RLR-related crashes (15) . On the basis of those results, the authors of that study question the safety benefit of red light cameras.
A different set of strategies aims to help drivers avoid mistakes, for example, by signal visibility and conspicuity improvements or by advisory systems. One example of an advisory system is the green signal countdown display (GSCD), providing in-advance information on the time remaining until the end of the green phase. This solution is more commonly used for pedestrian traffic lights. Yet, GSCD was also tested for vehicular traffic lights. In a before-and-after study, 1.5 months following vehicular GSCD installation, RLR violations were significantly reduced by 65%, yet later violations gradually returned to near pre-GSCD installation levels (16) . The number of stop decisions increased and stayed fairly consistent during the after period. Thus, the authors concluded that the longer-term effect of GSCD is to encourage stopping rather than restraining RLR violations. A later study looked at sequenced and similar intersections with and without GSCD. The indecision zone with GSCD was larger by about 28 m, and the decision to cross was less dependent on drivers' speed and distance from the intersection and thus less predictable, creating a potential risk of rear-end crashes (17 ) .
Another example of an informative advisory system is the flashing green before amber method. A comparison between drivers' behavior in locations where the flashing green light is applied (in Austria) and in similar locations where the flashing green light is not applied (in Germany) shows a larger indecision zone by 1 s (defined as the 20% and 80% contour lines of the probability to stop as a function of time to the intersection) for the green flashing light locations (6) . Conceivably, some drivers treat a flashing signal as a call for immediate action rather than as preparatory (5). This attitude increases the indecision zone and the rear-end collision probability. So, although RLR violations may decrease, the overall safety effect from informative advisory systems is inconclusive.
out-of-Vehicle Instructive Traffic Signal Stopping advisory Systems
A common feature of all the mitigation schemes described previously is that in the decision of whether to stop or not, the need to evaluate and take into consideration the position (and speed) of the vehicle when the green ends remains the full responsibility of the driver. This is markedly different from the situation in which a police officer, while physically standing in the intersection to direct the traffic, points a finger to indicate exactly which vehicle should be the first to stop. Instructive advisory systems aim to give drivers specific instructions whether to stop or not.
Prepare to stop when flashing, or advanced warning flashers (AWFs), are additional signals positioned 100 to 150 m before the traffic signal (18). When they are flashing, drivers are advised to stop at the coming intersection. AWFs can help when sight distance to the signal is short. In addition, by distinguishing vehicles according to their distance from the intersection, they can serve as an instructive stopping advisory system, even if the signal itself is visible from a distance. An evaluation of a specific AWF variant at two intersections in Texas, referred to as "advanced warning for end of green," showed a 40% reduction in RLR violations (19).
An alternative passive approach to AWF is a "signal ahead" pavement marking, positioned at a similar distance, indicating to all vehicles behind it at the end of green that they should stop (20). In the simulator study done by Yan et al. the marking reduced the RLR probability from 3.9% to 1.3%, and the indecision zone was reduced from 17 to 10 m and from 31 to 16 m for speed limits of 48 km/h (∼30 mph) and 72 km/h (∼45 mph), respectively (20).
In-VehIcle adVISory SySTeMS for InSTrucTIVe TraffIc SIgnal SToppIng
In-vehicle information systems are used for a wide range of applications including navigation, traffic and weather conditions, hazard alert, and collision warning system (CWS). Two specific examples are in-vehicle instructive systems that recommend a speed range ensuring arrival at the next signal during the green phase (21) and a CWS that alerts drivers if an RLR violation is committed by vehicles approaching in a crossing traffic direction (22). Conceptually, in-vehicle systems can also perform a functionality similar to AWF (23). Both of these functionalities, namely, (a) communicate the current phase of the traffic light signal to the driver's vehicle and (b) provide information of an imminent traffic signal violation, are considered in an ongoing effort to develop an international standard for cooperative intersection signal information and violation warning systems (24).
The in-vehicle stopping indication can be visual, auditory, tactile, or a combination of these. Auditory and tactile modes of display present an advantage as such messages may be easier to notice quickly in complex environments and are not affected by obstructions in highvolume traffic. However, the effectiveness of an auditory message is sensitive to noises in the vehicle.
In-vehicle systems have several additional advantages for the particular application of traffic signal stopping guidance: the possibility of considering the current speed of the specific vehicle; flexibility in the timing of the indication; a potential perception of an individual message, even if the actual functionality is equivalent to AWF; and the ability to alert drivers should they fail to recognize an upcoming signal. However, drivers may consider in-vehicle systems annoying or disturbing, depending on the details of the implementation.
Advantages of out-of-vehicle systems should be recognized as well: pertinence to all vehicles on the road, provision of uniform nonconflicting messages, use of established technologies, and full control by a single entity (the road authority), thus reducing operational complications and information abuse.
A critical factor in choosing between in-vehicle and out-of-vehicle systems is cost. Infrastructure costs in the case of in-vehicle systems are mainly one transmitter per intersection, which could be placed together with the intersection controller. In comparison, AWF must be physically placed at a distance from the intersection, for every approaching arm, leading to additional installation costs. The additional cost of in-vehicle units should also be considered. If the transmission can be made by standard technologies (e.g., Bluetooth), then it is conceivable that a smartphone application could perform the needed in-vehicle task. If so, there are practically no in-vehicle costs, and market penetration could potentially be quick. The marginal cost of integrating a similar functionality into technologically equipped modern vehicles might also be relatively modest. An integrated system can provide a much better human-machine interface than a smartphone application, but market penetration may be slower.
The purpose of this paper is to evaluate the concept of an in-vehicle traffic signal stopping advisory system, in regard to its effects on RLR violations, drivers' signal crossing decisions, size of the indecision zone, and speed behavior near intersections.
Method Proposed Stop Recommendation System
The in-vehicle system evaluated in this study provided advance warnings to drivers on an imminent change in the traffic light from green to amber, only when stopping was a dominant strategy, meaning that given the driver's current speed, if the driver does not stop, he or she will cross the intersection after the light changes from amber to red.
An auditory notification of three beeps as well as three blinks of a designated light on the dashboard (Figure 1 ) was used as an indication to drivers that they should stop at the upcoming signal.
The system was built and investigated in an STI-SIM driving simulator (Systems Technology, Inc.), integrated into a full-size Cadillac CTS sedan, providing the driver with the look and feel of a real car. The visual display of the road was projected on a 7-m-diameter round screen at a distance of 3 m from the driver's eyes, providing the driver with a true horizontal field of view of ∼150° on a scale of 1:0.8. The experiment moderator sat in a separate control room where computer screens allowed monitoring the driver and the scene.
The influence of the system was studied in a simulated interurban divided highway where the posted speed was 90 km/h (typical for Israel interurban roads), and there were seven scenarios. The scenarios differed in the amber onset time (AOT), defined as the time after amber onset that the vehicle was expected to arrive at the intersection, at constant speed. In other words, the simulator was programmed to end the green phase as soon as the condition in Equation 1 became true. AOT values were 2, 2.5, 3, 3.5, 4, 4.5, and 5 s. 
A preliminary experiment to evaluate deceleration rates in the simulator demonstrated that drivers driving at the posted speed limit can safely stop the vehicle given a 4-s notice. Thus, amber duration was set to 4 s in all scenarios, and the system's stopping indication was given only when AOT was 4 s or more. When a stopping indication was given, drivers could not cross the intersection during the amber phase unless they increased their speed.
The indication (if given) was timed as soon as the condition in Equation 2 became true.
Ideally, one would replace the denominator by the vehicle speed to receive a constant 1 s before the end of the green warning. However, because of the technical limitation of the simulator system no better alternative was found. According to this condition, if AOT = 4 s and the driver chose to drive at the posted speed limit of 90 km/h (25 m/s), the indication will be given at a distance of 125 m from the intersection, the traffic light will switch to amber 100 m before the intersection, and so the indication will be given 1 s = (125 − 100)/25 before the end of green. However if the driver approached the intersection (for example) at 100 km/h (∼27.8 m/s), the end of green will occur 111 m ≈ 27.8 * 4 before the stop line, and the indication will be given 0.5 s ≈ (125 − 111)/27.8 before the end of green. So, the previous indication time was slightly different depending on the approaching speed.
experimental Procedure
Twenty participants were invited for two meetings on different days. All participants were students; there were 11 men and nine women, average age of 26 [standard deviation (SD) = 2 years], holding a valid driver's licenses for an average of 8 years (SD = 2 years). At each meeting three simulator sessions were conducted, a training session followed by two experimental sessions with and without the advisory system.
The training session was a separate 5-min-long acclimation drive, aimed at allowing participants to adjust to the vehicle's controls and display and to become familiar with driving conditions similar to those used in the experimental sessions. The information collected in the training session was not used for data analysis.
The two experimental sessions were identical with respect to the driving conditions; interurban driving with 90 km/h posted speed limit and an equal count of crossing vehicles. Each experimental session included 10 traffic lights 914.4 m (∼3,000 ft) apart. Traffic Lights Number 1, 5, and 10 were "always green" traffic lights. The other seven experimental traffic lights had a random permutation of the AOT values: 2, 2.5, 3, 3.5, 4, 4.5, and 5 s. The seven traffic lights used for the analysis were never crossed during a green phase because the simulator was programmed to change the light to amber according to a predefined AOT.
The order of the experimental sessions was randomly selected so that some participants drove first without the advisory system and then with the system, while others experienced the opposite order. Overall, 80 simulator sessions were conducted (20 participants * 2 meetings * 2 sessions per meeting-with and without the advisory system); 40 sessions with and 40 sessions without the advisory system. Participants were asked to drive as they would in reality. In the sessions with the advisory system, they were informed about the purpose of the system. They were told that the system was advising that they stop on the basis of the analysis of their speed and distance from the traffic light. They were also told that the system is 100% reliable if the speed limit is observed.
To ensure that participants distinguished between a scenario with the system and a scenario without the system, two types of background scenery were used: desert background for sessions without the system and countryside background for sessions with the system (Figure 2) . Roads, shoulders, illumination, and driving conditions were kept identical. In a preliminary study driving speed under a free-driving condition was examined for both scenery backgrounds. No significant differences in driving speed were found, and the average speed for the countryside and desert backgrounds was 85.5 and 84.3 km/h, respectively (CI difference = −0.64, 3.21).
experimental data
The raw output data from the simulator provided detailed records of distance traveled and speed every 1.5 m (∼5 ft) as well as the status of the upcoming traffic signal. An example of the data obtained from one session in the simulator is presented in Figure 3 . The figure presents the speed of the vehicle against distance traveled. It also indicates the location of all 10 traffic lights. The traffic lights show the most recent recorded signal light position (green is at the bottom, red is at the top) before the driver crossed the intersection's stop line, along with the driver's action (stop, cross, RLR) for the nongreen lights.
Overall, 560 traffic light crossings (20 participants, 28 crossings per participant; or equivalently 80 sessions, seven nongreen crossings per session) were analyzed. The statistical analysis considers three independent (explanatory) attributes for each crossing: (a) participant ID, (b) system status (on or off), and (c) AOT (2.5, 3, 3.5 . . .); there are also two binary dependent attributes: crossing action (yes or no) and RLR violation (yes or no). The last two items were determined from the raw data.
ReSultS

Signal Crossing Actions
Drivers' actions when approaching one of the seven experimental traffic lights in each of the sessions can be stopping, crossing during the amber light, or crossing during the red light. A well-designed intervention maximizes the crossing probability while minimizing RLR probability. Thus, the RLR probability as well as the overall crossing probability is analyzed. Overall, 26 RLR violations were recorded for sessions in which the system feedback was not available, compared with one RLR violation when system feedback was enabled.
A mixed effect logistic regression model was calibrated to evaluate the probability of RLR with and without the system. where p(RLR) ij = probability of RLR for driver i in crossing j, s j = binary variable for system feedback availability (yes = 1, no = 0), β 0 and β 1 = fixed effect parameters, and b 0i = random effect intercept parameter fitted for each participant.
It is assumed that b 0i ∼ N(0, σ) where N is normal distribution and σ is standard deviation.
The fitted fixed effect parameters were β 0 = −2.408 [standard error (SE) = 0.249] β 1 = −3.379 (SE = 1.067) where β 1 was significantly different from zero ( p = .0015). The estimated effect on the odds ratio for the system was 0.034 (CI = 0.004, 0.276). The estimated probability of RLR without the system was 0.083 (CI = 0.052, 0.128) and of RLR with the system it was 0.003 (CI = 0.000, 0.024). Thus, the probability for RLR violations was reduced by 96%.
A similar analysis was done for the signal crossing actions (RLR + amber light crossing). Overall, 167 crossing actions were observed when the system feedback was disabled versus 157 crossing actions when the system feedback was enabled. The logistic regression results imply that the crossing probabilities are not significantly different considering the two possible conditions (logistic regression fixed effects: β 0 = 0.391, SE = 0.122, p = .0013, β 1 = −0.147, SE = 0.171, p = .392). Thus, although there were fewer RLR entries with the system, the overall crossing decision probability did not change significantly.
To better understand why the overall crossing probability did not change while fewer RLR violations occurred, the RLR counts were analyzed per system availability (on or off) and per AOT (Figure 4) . The system provided stopping warnings for AOT equal to or greater than 4 s and did not provide warnings otherwise. Crossing the intersection at an AOT lower than 4 s is a preferable decision as the driver can safely cross the intersection without any change in speed, thus preventing longer queues at the signal. For AOTs up to 3 s, all drivers crossed the traffic light regardless of the system's feedback availability. The estimated probability of crossing under the condition of an AOT equal to 3.5 s increased significantly from 0.685 (CI = 0.487, 0.832) without the system to 0.931 (CI = 0.797, 0.979) with the system (logistic regression fixed effects: β 0 = 0.775, SE = 0.422, p = .066, β 1 = 1.834, SE = 0.680, p = .007).
Crossing actions at an AOT of 4 s or more are not safe. Non-RLR crossing can only mean accelerating to avoid crossing during the red phase. Considering only the cases in which the AOT was equal to or greater than 4 s, the probability of crossing was reduced from 0.158 (CI = 0.097, 0.247) without the system to 0.007 (CI = 0.001, 0.054) with the system (logistic regression fixed effects: β 0 = −1.675, SE = 0.285, p < .001, β 1 = −3.290, SE = 1.090, p = .0025).
Indecision Zone
To evaluate the size of the indecision zone one needs to estimate the values of AOT leading to 90% and 10% crossing probabilities. For that purpose the following logistic regression model with random-effect driver component was calibrated. where p(crossing) ij = probability of crossing intersection during amber or red signal for driver i in crossing j, a j = real variable for AOT, s j a j = interaction term, and β i = fixed effect parameters.
All parameters in this model were significantly different from zero (p < .001). The estimated parameters are β 0 = 16.166, SE = 1.999, β 1 = 36.018, SE = 9.510, β 2 = −4.211, SE = 0.514, and β 3 = −9.919, SE = 2.629. The estimated signal crossing probabilities are plotted against AOT in Figure 5 . The indecision zones with and without the system are also plotted using gray-scale coded arrows. The indecision zone without the system was 1.04 s long while the indecision zone with the system was 0.31 s long, about 70% shorter.
Speed Behavior While Crossing the Intersection
An exploratory approach was used to investigate speed behavior near the intersections, specifically with regard to crossing actions. Figure 6 presents speed versus distance from the intersection (negative distance indicates that the driver was approaching the intersection) for six selected cases. In some cases speed was reduced from 100 km/h (Case B) to almost zero, and in other cases speed slightly increased (Case E). Cases A and C are particularly interesting. The drivers in these cases first decelerated, in an attempt to stop the vehicle, and then decided to accelerate and cross the intersection. Thus, these cases illustrate hesitant decision making. Contrasting examples are Cases D, E, and F, which show crossing decisions in which drivers barely changed their speed; thus these crossings indicate more confident decision making. Driver hesitation is a well-known risk, although it is not always easy to collect data reflecting such hesitation.
To evaluate the speed changes in all crossing action cases, the speed range (maximum speed minus minimum speed) during the amber light was considered, distinguished by order of occurrence. If the minimum was before the maximum, the crossing was classified as mainly accelerating; otherwise, the crossing was classified as mainly braking. The speed range information is box plotted in Figure 7 by AOT, system status (on or off), and crossing type (accelerate or brake). The number of crossing actions is indicated above each box plot.
In almost all combinations of AOT and crossing type (accelerate or brake) the speed range was lower when the system was on, indicating more stable and thus safer speed behavior. In cases of accelerating without the system (off and accelerate in Figure 7 ) the speed range increased with AOT, representing more substantial acceleration used to reach the stop line before the red phase. When the system was on (on and accelerate in Figure 7 ) such a trend could not be observed and acceleration was more moderate (except for one outlier, with AOT = 4 s). The influence of the system is more prominent in cases classified as "brake." In the system "off " case (off and brake in Figure 7) , speed changed dramatically, with a substantial median speed reduction of ∼50 km/h for AOT = 3, 3.5, and 4 s. Even with AOT = 2.5 s meaningful speed reductions can be observed. Since eventually drivers decided to cross in all these cases, the speed reductions demonstrate considerable hesitation. In comparison, in the system "on" case (on and brake in Figure 7 ) speed reductions were negligible.
time into Red
As a refinement of the RLR count evaluation, an analysis was done on the "time into red," defined as the signal crossing time minus the red light onset time. This index was calculated not just for RLR violations but for all crossing actions. Thus, if the time into red is positive, it is an indication of RLR violation; and if negative, it is an indication of crossing during the amber light. The empirical cumulative distribution function of time into red is presented in Figure 8 . For clarity the x-axis range is limited to 4 s. There were two exceptions of crossings at 6.76 and 8.74 s, both in sessions without the system. The "with system" line is always to the left of the "without system" line, indicating that with the system drivers enter the intersection sooner. In fact, with one RLR exception, all crossings with the system were completed 0.28 s before red onset. The only RLR with the system occurred 1.1 s into the red phase. In comparison, 10% of crossings without the system occurred 1 s or more into the red.
Additional Issues
1. Role of the visual and auditory feedback. In a follow-up questionnaire drivers were asked whether they noticed the indications, using a 1 to 5 scale in which 1 meant "to a minimal degree" and 5 meant "to a high degree." Nineteen participants indicated 1 and one participant indicated 4 in regard to the auditory indication. All participants indicated 3 or less, with an average of 2.3 (SE = 1.2) in regard to the visual indication.
2. Confounding factors. It is possible that some confounding factors affected the probability of RLR and crossing decisions in addition to the presence of the system. Some examples are accumulated experience in the simulator driving, familiarity with the system, and tiredness. To account for such confounding factors two explanatory variables were defined in addition to the system (on or off) main variable of interest: (a) m ij is a binary variable for meeting (first = 1, second = 0) and (b) t ij is the index (order) of crossing j in the respective session.
Two mixed effect logistic models were estimated for RLR and crossing decisions including all explanatory variables and all interactions. A stepwise procedure that uses the Akaike information criterion fit index was implemented to select a statistically significant combination of explanatory variables. For RLR, only the system (on or off) variable remains in the model, meaning that the confounding factors can be omitted. For the crossing probability all explanatory variables were removed, further supporting preliminary results that the system availability does not significantly change the crossing probability.
ConCluSIonS And FutuRe ReSeARCh
A conceptual in-vehicle traffic signal stopping advisory system was studied with regard to its safety and operational effects. The main results of the experiment were a 96% reduction in RLR violations and a 70% reduction in the range of the behavioral indecision zone. If similar effects occur in reality, fewer angle crashes and fewer rear-end crashes can be expected. Exploratory evaluation suggests that speeds were more stable, driver hesitation was substantially reduced, and intersection clearing time was sooner and much more predictable.
The compound benefit of fewer RLR violations and a shorter behavioral indecision zone is in agreement with the results of other instructive stopping advisory approaches, such as the out-ofvehicle passive "signal ahead" pavement marking, but is contrary to other RLR treatments that lengthen the indecision zone, increase unnecessary stops, or do both.
Some limitations of this study should be noted. As in other simulator studies, participants may have biased behaviors that may affect the results. Such behaviors may be the result of a desire to quickly finish the experiment (speeding) or an overconformance with the advisory system instructions. The driving experience in the simulator is not identical to reality, notably in this case with respect to the feeling while braking. The system examined here was 100% reliable, 
